Brain metastasis (BM) can affect ~25% of non-small cell lung cancer (NSCLC) patients during their lifetime. Efforts to characterize patients that will develop BM have been disappointing. microRNAs (miRNAs) regulate the expression of target mRNAs. miRNAs play a role in regulating a variety of targets and, consequently, multiple pathways, which make them a powerful tool for early detection of disease, risk assessment, and prognosis. We investigated miRNAs that may serve as biomarkers to differentiate between NSCLC patients with and without BM. miRNA microarray profiling was performed on samples from clinically matched NSCLC from seven patients with BM (BM+) and six without BM (BM−). Using t-test and further qRT-PCR validation, eight miRNAs were confirmed to be significantly differentially-expressed. Of these, expression of miR-328 and miR-330-3p were able to correctly classify BM+ vs. BM− patients. This classifier was used on a validation cohort (n=15) and it correctly classified 12/15 patients. Gene expression analysis comparing A549 parental and A549 cells stably transfected to overexpress miR-328 (A549-328) identified several significantly differentially-expressed genes. PRKCA was one of the genes over-expressed in A549-328 cells. Additionally, A549-328 cells had significantly increased cell migration compared to A549 cells, which was significantly reduced upon PRKCA knockdown. In summary, miR-328 has a role in conferring migratory potential to NSCLC cells working in part through PRKCA and with further corroboration in additional independent cohorts, these miRNAs may be incorporated into clinical treatment decision making to stratify NSCLC patients at higher risk for developing BM.
Introduction
In 2010, an estimated 222,520 cases of lung cancer will be diagnosed in the United States 1 . It is the leading cause of cancer deaths and ~88% of patients with primary lung malignancy have non-small cell lung cancer (NSCLC). Brain metastasis (BM) can affect up to 25% of these patients during their lifetime 2 . BM causes significant neurologic, cognitive, and emotional difficulties 3 and negatively impacts survival 4 . Previous efforts to characterize patients that will develop BM have been fairly disappointing. Currently, prophylactic cranial irradiation (PCI) is offered to all small cell lung cancer patients (but not to NSCLC patients) with early-stage disease that have responded to therapy or have stable disease after initial systemic treatment 5 . However, better selection of patients to offer PCI will spare those patients unlikely to develop BM from PCI-related side effects. Currently, there are no common practice measures to reduce the risk of BM in NSCLC. In locally-advanced stage III NSCLC, a clinical trial to determine the benefit of PCI accrued slowly, was terminated early, and was not statistically powered to meet the primary endpoint of improvement in survival 6 .
Thus, there is a need for improvement in patient stratification. Molecular biomarkers could be of benefit to stratify these patients, but the ability to obtain adequate, quality tumor tissue in a standardized fashion for genomic profiling can be challenging and hence limiting. Recently, microRNAs (miRNAs) have been studied to characterize tumors 7 . miRNAs are small non-coding RNAs of 18-25 nucleotides that might impact various stages of development and progression of cancer. In general, one miRNA appears to regulate several hundred genes, and as a result, miRNA profiling could serve as a better classifier than gene expression profiling 8 .
miRNA profiling for lung cancer has been previously conducted by various groups to predict patient survival 9 . These profiles have also been correlated with clinico-pathological parameters of lung cancer patients [9] [10] [11] . Recently, Bishop et al, used this approach for classification of NSCLC 12 . Several of the miRNAs identified from these studies have been associated with the key regulatory pathways such as EGFR 13 and KRAS 14 in lung cancer.
In this study, we hypothesized that miRNAs could serve as biomarkers to differentiate NSCLC patients with BM (BM+) from those without BM (BM−). We identified a classifier based on the expression of miR-328 and miR-330-3p, which could successfully differentiate BM− vs. BM+ cases in a separate validation cohort. In addition, our results show that miR-328 plays a role in the increased migratory potential in NSCLC cells.
Materials and Methods

Patients and Tumor Samples
This study was conducted under an Institutional Review Board (IRB) approved protocol. BM+ and BM− NSCLC patients identified through the Scottsdale Healthcare (SHC) tumor registry diagnosed during the periods January 1, 2003 to December 30, 2006 with formalinfixed, paraffin-embedded (FFPE) tumor tissue available (SHC Discovery) were included in a previously published study 15 . The pre-requisites to be included in this miRNA discovery study were performance of a computed tomography (CT) of the chest, whole-body 2-[ 18 F]-Fluoro-2-Deoxy-D-Glucose positron emission computed tomography-CT (FDG-PET CT), and brain magnetic resonance imaging (MRI) study within 30 days of one another for each patient. Where possible, BM− NSCLC patients were matched to BM+ NSCLC patients by age, gender, histology, and stage at diagnosis. For this discovery cohort, seven patients with BM+ and six patients with BM− NSCLC were included (Table 1; Supplemental Table 1 ).
For validation of our miRNA profiling results, an independent cohort of 15 NSCLC patients with FFPE lung tumor tissue who underwent surgical resection at SHC between March 2001 and November 2006 were included under IRB approval (SHC Validation). These patients underwent preoperative evaluation per common practice guidelines including CT chest, FDG-PET CT, and either CT or MRI of the brain (Table 1) .
Twenty-four NSCLC cases from the University of Iowa Hospitals and Clinics (IOWA) collected under an IRB approved protocol were also included, as an independent dataset for testing. These samples were all collected from metastatic brain lesions and flash frozen and stored in liquid nitrogen until the time of RNA extraction.
RNA extraction and miRNA microarray profiling
RNA was extracted from all FFPE NSCLC tumor specimens by manually scraping (macrodissection) the tumor tissue from the slides followed by de-paraffinization with xylene at 50°C. Three to six sections per tumor sample were used for RNA extraction. The pellet obtained after centrifugation was washed in 100% ethanol and digested with digestion buffer (RecoverAll Total Nucleic Acid Isolation, Part # 8788G, Ambion) and proteinase K solution at 50°C for 3 hours. Total RNA was extracted following standard protocols using the phenol method using the TRI reagent (Molecular Research Center Inc, Cincinnati, OH). The concentration and purity of isolated RNA was estimated using the ND-1000 microspectrophotometer (NanoDrop Technologies, Wilmington, DE). A minimum of 1 μg of total RNA was added to GenoExplorer™ microRNA Expression System (GenoSensor Corporation, Tempe, AZ) containing probes in triplicate for 678 validated human mature miRNAs with an additional 473 validated human pre-miRNAs (Sanger miRNA Registry, version 12.0 September 2008 http://www.mirbase.org) along with positive and negative control probes 16 . One miRNA microarray chip hybridization was performed per patient sample.
Identification of candidate miRNA biomarkers
miRNA expression was estimated from microarray profiling and was normalized to the reference gene 5S-rRNA after a thorough evaluation of several normalization techniques such as using a simple global scaling factor as in MAS 5.0 approach 17 , scale and medianshift method as used in 18, 19 , normalization with non-variant miRNA from the dataset 20 , and normalization with house-keeping genes 21 .
Differential expression analysis aims at finding genes or miRNAs that are significantly expressed in one condition in contrast to the other. A two-sided t-test was used to identify differentially-expressed miRNAs between the BM+ and BM− samples. The p-values generated from the t-test were corrected for multiple hypotheses testing using BenjaminiHochberg correction 22 .
Correlation coefficients between BM+ and the clinical parameters: age, gender, stage at diagnosis, and histology were computed using Spearman's rank correlation. Similarly, correlation coefficients were also computed for miRNA with age, gender, stage at diagnosis, and histology.
Quantitative real-time PCR (qRT-PCR) analysis of miRNAs
Confirmation of the top 19 differentially-expressed miRNAs in SHC Discovery BM+ vs. BM− was performed using qRT-PCR by using the total RNA extracted from these samples. The GenoExplorer™ miRNAFirst-strand cDNA Core Kit (#2002-50, GenoSensor Corporation, Tempe, AZ) was used to generate miRNA first-strand cDNA. miRNA expression levels were measured using miRNA specific forward primers and a universal reverse primer (GenoSensor Corporation, Tempe, AZ) in a SYBR green assay (#04887352001, Roche, Indianapolis, IN) 16 .
The PCR reactions were carried out in triplicate in a 384-well plate format with 15 μl reaction volume using Lightcycler 480 (Roche, Indianapolis, IN). The PCR reaction conditions were 15 minutes denaturation at 94°C followed by 45 cycles of 94°C for 30 seconds, 59°C for 15 seconds, and 72°C for 30 seconds. Melting curve analysis was used to assess the specificity of the amplified product. Quantification of these miRNAs was carried out using delta-delta CT normalizing the result to the reference gene 5S-rRNA 23 .
Class prediction via strong-feature set algorithm Strong-feature set algorithm-To identify the best and minimal features for predicting BM of NSCLC patients based on the expression of miRNAs, we used the "strong features method" developed previously, as a classifier model 24 . The model is a simple linear classifier with noise injection but modified to speed up the computation through analytical solution, instead of a Monte-Carlo simulation. The method has been developed to mitigate over-fitting problem in classifier design with small number of samples, by designing a classifier from a probability distribution resulting from spreading the mass of the sample points to make classification more difficult, while maintaining sample geometry.
Feature selection-As we focus on only eight miRNAs (hsa-miR-325, hsa-miR-326, hsamiR-328, hsa-miR-329-2-pre, hsa-miR-330-3p, hsa-miR-500*, hsa-miR-370, and hsamiR-650-pre; henceforth hsa-prefix is removed when referring to these miRNAs), taken forward from the differential expression analysis to measure by qRT-PCR, we performed a full combinatorial search to identify best strong-features set. qRT-PCR measurements made from the same patient samples we used for miRNA microarray profiling (SHC Discovery cohort; BM data) were used for feature selection. For each combination of features (among 255 = 2 8 −1), we used the leave-one-out method to estimate classification error. The feature set with the lowest leave-one-out error was deemed the best strong-feature set.
Classifier design for prediction-Once the best strong-feature set is identified as described above, all the samples in the SHC Discovery cohort were used to design a classifier to predict for BM in patients. In all classifier designs, the amount spread was set to 0.4, according to the suggestion made by Kim et al 24 .
Validation on an independent data set-The normalized PCR measurements were further processed by dividing the difference between its value and its mean across all the samples, i.e. z-score. Hence, each miRNA has zero mean and the standard deviation of one. This was done for both the SHC Discovery and SHC Validation data sets, separately.
Construction of stable lentiviral clones
A549 and H1703 NSCLC cell lines were obtained from ATCC (Manassas, VA) and maintained in RPMI-1640 medium supplemented with 10% FCS. Lentiviral constructs expressing GFP (Green Fluorescent protein)-empty vector (A549/H1703-empty) or GFP vector over-expressing miR-328 (A549/H1703-328) were obtained from Systems Biosciences Inc. (Mountain View, CA). Virus production and cell transduction in A549/ H1703 cells was performed as described 25 and for in vitro experiments cells were flow sorted to maintain >95% GFP positivity.
mRNA expression profiling
For each experimental sample, 3 × 10 5 cells were seeded in duplicate using standard growth conditions. After 24 hours, total RNA was isolated according to manufacturer's protocol (mirVana miRNA Isolation Kit, Ambion, Austin, TX). Total RNA yield was assessed using a NanoDrop 2000c (Thermo Scientific, Wilmington, DE), and quality was assessed on a BioAnalyzer 2400 using a BioAnalyzer RNA 6000 Nano LabChip Kit (Agilent Technologies, Palo Alto, CA).
RNA from A549-empty cells and A549-328 cells was analyzed for mRNA expression profiling. A quick-amplification kit (Agilent, Santa Clara, CA) was used to amplify and label 500 ng target mRNA species to complementary RNA (cRNA) for oligo microarrays according to the manufacturer's protocol. For each array, experimental samples were run in duplicate along with a commercial universal reference RNA (Stratagene, La Jolla, CA) that was labeled with cyanine 5-CTP and cyanine-3-CTP (Perkin Elmer, Boston, MA), respectively. cRNA concentration and labeling efficiency was measured spectrophotometrically. Approximately 800 ng of both Cy5-labeled experimental cRNA and Cy3-labeled universal reference RNA were hybridized to each microarray (adjusting for labeling efficiency).
Whole human genome 4 × 44K microarrays were hybridized and washed following Agilent's protocol. Images were captured using an Agilent DNA microarray scanner set at default settings for gene expression. Scanned images were processed using Feature Extractor v. 10.5.1.1. By applying a LOWESS (locally weighted linear regression) correction for dyebias, background noise was subtracted from spot intensities. To filter the preprocessed data, genes with a background signal higher than feature signal were removed.
Differentially-expressed Genes and Pathway Analysis
To identify genes regulated by miR-328, we performed differential gene expression analysis on duplicate A549-empty and A549-328 cells. Differential expression analysis aimed at finding genes that were up-regulated or down-regulated for miR-328 over-expression and was done using two sided t-test. p-values generated from t-test were corrected for multiple hypotheses testing using Benjamini-Hochberg correction. The differentially-expressed gene list was used to identify significantly altered pathways using the GeneGo MetaCore (St. Joseph, MI).
Western Blot Analysis
Cell lysates were prepared for A549-empty and A549-328 cells. Protein concentration was determined by Pierce BCA assay (Thermo Scientific, Rockford, IL) and lysates were resolved by SDS-P A G E on 4-12% resolving gel. Proteins were transferred onto nitrocellulose membrane (Invitrogen, Carlsbad, CA) and PRKCA protein was identified using a rabbit-anti-PRKCA polyclonal antibody (Cell Signaling Technology, Danvers, MA) and an HRP-conjugated anti-rabbit secondary antibody (Promega Inc, Madison, WI). Bound antibodies were detected using Pierce SuperSignal West Dura Substrate kit (Thermo Scientific, Rockford, IL) and imaged. GAPDH were used as a loading control.
siRNA knockdown
All siRNAs were obtained from Qiagen Inc. (Valencia, CA). A549-328 cells were plated at a density of 3 × 10 4 cells/well in a 6 well plate. After 8 hours, cells were transfected with 20 nM of validated siRNA specific to PRKCA (PRKCA_1 or PRKCA_2). For controls, we transfected the cells with all-star negative (non-silencing control) and all-star positive (cell death control) siRNAs 26 . Seventy-two hours later, cells were collected either for Western blotting or for migration assay.
Migration Assay
A modified microwell Boyden chamber assay was used to determine the effect of miR-328 over-expression and PRKCA knockdown in migration of A549 and H1703 cells as described previously 27 . Briefly, RPMI 1640 medium supplemented with 10% FCS was added to the lower wells of a 12-well modified Boyden chamber (Neuroprobe, Cabin John, MD). Wells were covered with an 8-μm pore size Nucleopore filter (Neuroprobe) that had previously been coated with 50 μg/mL bovine collagen (Purecol®, Advanced Biomatrix, San Diego, CA). A549/H1703-empty cells and A549/H1703-328 cells, as well as, PRKCA knockdown A549-328 cells were suspended at the concentration of 4.8 × 10 4 cells in 100 μl of assay medium (RPMI 1640 medium supplemented with 10% FCS) and seeded into the upper wells. After incubation for five hours at 37°C, non-migrated cells were scraped off from the upper side of the filter, and filters were stained with 4', 6-diamidino-2-phenylindole (DAPI). Nuclei of migrated cells were counted in five high-power fields (HPF) with a 20× objective. These experiments were conducted in the absence of a chemoattractant and values were assessed in triplicate.
Results
Patient Samples
FFPE tumor specimens (n=13) were obtained for the SHC Discovery set and total RNA was extracted. The 13 FFPE tumor samples yielded approximately 0.5 to 5 μg of total RNA. Twelve of them (seven BM+ and five BM−) had sufficient total RNA yield to perform miRNA microarray profiling. All six BM− samples (including BM−2 which was not miRNA profiled) were evaluated by qRT-PCR. One BM+ sample that was miRNA microarray profiled had insufficient additional RNA for qRT-PCR analysis (sample BM+7). Fifteen samples were included in the SHC Validation set (Supplemental Table 1 ). All these samples had RNA a yield varying between 1.4 μg to 10 μg. RNA was also extracted from the 24 metastatic brain lesion samples (IOWA) and the samples yielded approximately 0.05 to 1 μg of total RNA. The clinical characteristics of the SHC Discovery patients (n=13), SHC Validation (n=15), and IOWA cases (n=24) are listed in Table 1 , with details in Supplementary Table 1 . To evaluate the expression of miR-328 and miR-330-3p in NSCLC brain metastasis samples, we extracted RNA from 24 IOWA cases. These results were compared with miR-328 and miR-330-3p expression in the SHC Validation cohort.
Expression profiling identifies differentially-expressed miRNAs in primary specimens of NSCLC patients with or without the development of BM
The raw and normalized data for all the tumor samples has been submitted to GEO (Accession # GSE23019). The data obtained by miRNA profiling of RNA isolated from the SHC Discovery samples was first analyzed using t-test. Table 2 shows the top 19 significantly differentially-expressed miRNAs in BM+ vs. BM− NSCLC samples. The fold change for the top 19 miRNA array expression for BM+ compared with BM− ranged from down-regulation of miR-92a in BM+ by 3.41 fold to 133 fold up-regulation of miR-329-1-pre, respectively.
To confirm the results of miRNA profiling, qRT-PCR was performed using specific miRNA primers on the cDNA prepared from RNA isolated from FFPE samples. Of the top 19 miRNA candidates identified by t-test analysis on miRNA profiling results, eight miRNAs were confirmed by qRT-PCR to be significantly differentially-expressed. The expression of miR-326, -370, -330-3p, -500*, -328, -325, -329-2-pre, and -650-pre was high in BM+ samples compared to BM− samples when measured by both miRNA profiling and qRT-PCR analysis (Supplementary Figure 1) :
There was no significant correlation between BM+ and the clinical parameters: age, gender, stage at diagnosis, and histology. Similarly, correlation coefficients were also computed for the most discerning miRNAs. There was no significant correlation between the expression of these eight miRNAs and age, gender, stage at diagnosis, or histology (data not shown).
Design and validation of miRNA classifier for BM (Strong Feature Results)
Upon testing all possible combinations for the feature set, the combination of miR-328 and miR-330-3p were deemed the best markers with the leave-one-out error of 3 out of 13 (0.2308), using the SHC Discovery data. Next, we designed a classifier with these two miRNAs from the same data set. Figure 1A shows the prediction of the classifier on the same data set, misclassifying BM+1 and BM−2, resulting in 84.6% accuracy (re-substitution error) which corresponds to sensitivity = 0.8571 and specificity = 0.8333. We then applied the same classifier to the SHC Validation data and the result is shown in Figure 1B . Three samples were misclassified, SHC1+, SHC6− and SHC14−, with 80% accuracy (sensitivity = 0.7500 and specificity = 0.8182). To evaluate the robustness of the classifier, we performed ROC analysis and the results are shown in Figure 1C and D. AUC were 0.881 and 0.807 for SHC Discovery and SHC Validation data sets, respectively.
The expression of miR-328 in BM+ vs. BM− in the SHC Validation cohort is shown in Figure 2 ; it clearly shows that miR-328 is over-expressed in BM+ cases as compared to BM − cases (p=0.0265). In addition, metastatic NSCLC tissue extracted from the brain (IOWA samples) also show miR-328 over-expression as compared to BM− cases from SHC Validation samples (Figure 2 ; p = 0.00869). The expression of miR-330-3p was close to statistical significance in BM+ SHC Validation and IOWA metastatic samples as compared to BM− samples (p =0.07 and p =0.0537 respectively) but was not sufficient to distinguish BM+ vs. BM− cases (Supplemental Figure 2) 
Identification of miR-328 targets
In order to identify the direct and indirect targets of miR-328 in NSCLC cells, we chose to work with two NSCLC cell lines, A549 and H1703. We checked the relative level of expression of miR-328 and found that H1703 expresses miR-328 at a slightly higher level as compared to A549 cells (Supplemental Figure 3) . We stably transfected A549 and H1703 cells with either the GFP-empty vector or GFP-miR-328 over-expressing lentiviral construct (Supplemental Figure 4) . RNA extracted from A549-328 and A549-empty cells was used for gene expression analysis using the Agilent platform. We generated a list of 363 genes with expression that was up-or down-regulated at least two-fold when the two conditions were compared. This list of 363 genes was used to perform Hierarchical Clustering of the datasets and the replicate samples were clustered very tightly together ( Figure 3A ; Supplemental Table 2 ). These differentially-expressed genes were then plugged into a pathway analysis tool to identify pathways that might be affected by these genes.
We also performed the analysis for identifying the putative direct targets of miR-328 using microcosm (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/). We performed this analysis for all the downregulated genes from the 363 differentially-expressed genes based on the assumption that if a gene is a direct target of miR-328 then in miR-328 overexpressing cells, its expression will be downregulated. There were only three targets namely, PLCB3, PTGES2 and TLX3, which had miR-328 binding sites in their 3'UTR and were also downregulated in miR-328 over-expressing cells. But, as our clinical data showed that miR-328 might be involved in metastasis (as described below), we were interested in the differentially-expressed genes that play a role in cell migration and none of these three targets have a significant role in metastasis (from literature review) so we did not further study these targets.
Several signaling pathways such as interleukin-1 (IL-1) signaling, VEGF signaling, and PDGF signaling were shown to be affected by genes deregulated in miR-328 overexpressing cells (Supplemental Table 2 ). An example of a pathway that might be affected by miR-328 is shown in Figure 3B . This is the VEGF/IL1 signaling pathway, and several of the miR-328 target genes play a key role in controlling this signaling pathway that can lead to loss of cell adhesion and increased migration. These target genes included PRKCA, VEGF-D, NOTCH1, IL1-alpha, IL1-beta, and PLC-gamma amongst others. PRKCA (protein kinase C, alpha), which was one of the genes up-regulated in A549-328 cells, was also overexpressed at the protein level in A549-328 cells as compared to A549-empty cells ( Figure  3C ).
Role of miR-328 and PRKCA in NSCLC cell migration
As miR-328 over-expression was seen in BM+ cases, we examined whether miR-328 had an effect on NSCLC cell migration using a modified Boyden chamber assay. Over-expression of miR-328 resulted in increased A549 cell migration (~two-fold) compared to A549-empty cells (p = 0.016) ( Figure 4A ). qRT-PCR results showed a 40-fold increase in miR-328 expression in A549-328 cells compared to A549-empty cells. Similarly, H1703-328 overexpressing cells also showed ~two-fold increase in migratory potential compared to H1703-empty cells (p = 0.0016; Figure 4A ). These results suggest that miR-328 confers migratory potential to cancer cells and might be responsible for BM in NSCLC patients.
We next looked at the differentially-expressed genes (in miR-328 over-expressing cells) involved in metastasis of cancer and/or migration of cancer cells and found that PRKCA was upregulated in the miR-328 over-expressing cells. PRKCA (also known as PKC-alpha) has been shown to play a significant role in invasion and migration of cancer cells and hence it was chosen for further analysis 28, 29 .
Following this, we conducted siRNA knockdown experiments using two validated siRNA sequences against PRKCA ( Figure 4B confirms PRKCA knockdown using these sequences) and tested their migration potential using the modified Boyden chamber assay ( Figure 4C) . The results showed that PRKCA knockdown leads to reduced migration in A549-328 cells compared to control cells thus confirming that the increased migratory potential of NSCLC cells might in part be due to its downstream indirect target, PRKCA.
Discussion
BM has a lifetime prevalence approaching 25% in NSCLC. In these patients, BM can cause neurologic, cognitive, and emotional difficulties. The ability to identify patients at risk for developing BM may lead to new prophylactic intervention that may mitigate morbidity and mortality; however, previous efforts to characterize NSCLC patients that will develop BM have been fairly disappointing.
There have been several previous studies on miRNAs that could have predictive and prognostic relevance in lung cancer. One of the initial studies showed suppression of NSCLC development by the let-7 miRNA family 30 . Expression of several different miRNAs, namely, miR-221, let-7a, miR-137, -182*, -372a, -1, -30d, -486 and -499 have been associated with survival of lung cancer patients previously 31, 32 . Despite these reports, there have been no studies looking for miRNA biomarkers to stratify NSCLC patients for BM prediction. Thus, we sought to identify miRNA candidate biomarkers that could successfully differentiate between BM+ and BM− patients. For this, we used miRNA microarray profiling on a discovery cohort of 12 NSCLC patients (seven BM+ and five BM −). Our microarray platform consisted of both pre-and mature-miRNA probes. Pre-miRNA probes were included as it has been previously shown that the expression of miRNAs can be regulated at the post-transcriptional level 33 . Such differential processing of precursor miRNAs into mature miRNAs leads to tissue-and developmental-specific miRNA expression. Common genetic polymorphisms also play a role in the tumorigenesis process through the somatic mutations as illustrated in a study by Jazdzewski et al. These authors demonstrated that a common polymorphism in pre-miR-146a affects the amount of mature miRNA and contributes to the genetic predisposition to papillary thyroid carcinoma 34 . In these contexts, looking exclusively at the level of mature miRNAs might not be sufficient to correlate the phenotype of a cell with its miRNA signature and it is useful to include studying the level of pre-miRNA. Another reason to profile pre-miRNAs is that mature miRNAs of identical sequence can be derived from different pre-miRNAs, each located at a different genomic location and each under control of a different promoter. Thus, profiling pre-miRNA levels provides a stepping-stone towards the identification of miRNA regulatory elements.
In our earlier publication on the SHC Discovery set 15 , we used two well-established methods: in-silico conditioning 35 and SAM to find discriminating miRNAs between BM+ and BM− tumor samples. In this paper, we were able to find similar results using simple ttests. All the three methods have shown consensus in the discerning miRNA between BM+/ −(one case was different from in-silico conditioning results). Even though, clustering methods like PAM could be a promising way to find discerning miRNAs, the number of samples (n=12) in our study are extremely small for a supervised classification approach.
We confirmed the expression of eight miRNAs that were significantly differentiallyexpressed between BM+ and BM− by qRT-PCR. Some of these differential miRNAs were the pre-miRNAs. But, on comparing the expression levels of pre-miRNA vs. mature miRNAs on the microarray experiment, we observed that even though the mature miRNAs were not significantly differentially-expressed as compared to respective pre-miRNAs, the trend of their expression was similar across patient samples.
Upon statistical analysis, we identified a classifier based on miR-328 and miR-330-3p expression, which could successfully distinguish BM+ vs. BM− cases in a validation cohort of 15 patients. This classifier performed well (80% accuracy) on the SHC Validation cohort and successfully classified 12 of 15 NSCLC patients. The clinical parameters namely, age, gender, stage at diagnosis, or histology did not show significant correlation with BM+. Interestingly, these eight miRNAs also did not significantly correlate with age, gender, stage at diagnosis, or histology, suggesting, that these miRNAs may be independent risk factors for BM development.
In the BM positive condition, the elevated expression of miR-328 in both thoracic and brain NSCLC samples, suggests this miRNA may be involved in "brain-seeking" metastatic potential. This hypothesis is supported by our observation that miR-328 is over-expressed in both primary lung cancer specimens (SHC Discovery and Validation cohorts), as well as, brain metastasis samples (IOWA cohort). We are aware that the small number of patients included in the study is a significant limitation but since additional well-annotated samples were not readily available to us (we made several inquiries to thoracic oncology and pathology investigators), we hope that publishing our findings will lead other investigators to independently validate our findings in their specimen collections. Additionally, we are embarking on a prospective collection of tissue specimens that will have adequate follow up so that in the future we will have larger number of tumor samples to validate our findings.
As the implication of miRNAs in carcinogenesis is relatively new, the biological importance of miR-328 has not been fully elucidated. There are no previous reports on the association of lung cancer and miR-328. In a recent report, Eiring et al showed that loss of miR-328 occurs in blast crisis chronic myelogenous leukemia in a BCR/ABL dose-and kinase-dependent manner through the MAPK-hnRNP E2 pathway. Their data revealed the dual ability of miR-328 to control cell fate through base pairing with mRNA targets and through decoy activity that interferes with the function of regulatory proteins 36 . ABCG2, CD44 and β-amyloid precursor protein-converting enzyme 1 are the other genes that have been shown to be miR-328 targets [37] [38] [39] . In order to identify novel targets of miR-328 in NSCLC cells, we conducted a gene expression analysis comparing miR-328 over-expressing cells with parental NSCLC cells. Our results identified 363 differentially-expressed genes in A549-328 cells. Upon pathway analysis, we observed that several of these target genes are implicated in migration of cancer cells including PRKCA, IL-1beta, and c-Raf1.
Recently, investigators have examined clinical and histological characteristics that could stratify breast cancer patients to predict development of BM. In a study by Graesslin et al, the authors show the development of a robust nomogram that is able to predict the development of subsequent BM in patients with proven metastatic breast cancer 40 . In addition, there have been at least two different studies looking for biomarkers that predict BM in breast cancer patients using gene expression analysis. Examining the differentiallyexpressed genes associated with miR-328 over-expression in vitro from our work, and comparing them to the breast cancer gene candidates associated with BM 41, 42 , we observed that IL1-beta and KCNMA1 (potassium large conductance calcium-activated channel, subfamily M, alpha member 1) are common to both lists. In addition, several genes of the SERPIN and ZNF families are also present on both the lists. Although we have not tested this hypothesis, it is possible that these genes are partly responsible for predisposition to BM in either breast and/or NSCLC and the expression of these genes may be regulated directly or indirectly by miR-328.
To determine the functional significance of miR-328 over-expression in NSCLC, we performed a migration assay and showed that miR-328 over-expression leads to increased migration potential of A549 and H1703 cells thus showing that miR-328 over-expression offers a migratory advantage to NSCLC. Next, we wanted to test whether the miR-328 target genes identified in our study play a role in this migration potential. For this, we knocked down the expression of PRKCA in A549-328 cells and demonstrated that the increased migration of A549-miR328 cells was in part to due increased PRKCA expression. Interestingly there have been several reports on the role of PRKCA in migration of lung cancer cells and the report by Cheng et al has shown that IL1-beta via PRKCA induces the expression of uPA (urokinase plasminogen activator), which leads to migration of A549 NSCLC cells 28, 43 . PRKCA and IL1-beta were both identified as targets of miR-328 in our gene expression studies supporting our result that miR-328 leads to increased migration of NSCLC cells in part through this pathway.
With a clearer understanding of how these miRNAs influence BM development and independent validation by other investigators in other clinically well-characterized patient samples sets, assessment of these miRNAs may potentially be incorporated into clinical treatment decision-making. We believe that such a trial is feasible with the backing of likeminded investigators and industry partners. We acknowledge the limited sample size reported here, but hope that these results can be corroborated in independent sample sets of matched thoracic and brain NSCLC. Ideally, these miRNA biomarkers may assist clinicians in stratifying the high-risk patients on a clinical trial for either PCI or a new intervention that may mitigate BM development, ultimately leading to a new standard of care for NSCLC patients. Outlier values are indicated (closed circles). Significance between the indicated classes of specimens was tested using a two-sample t-test assuming unequal variances. The expression was normalized to the expression of 5S-rRNA in all samples plotted as fold change to A549 miR-328 expression (used as a reference). 
